On the Theory of Hydrogen Overvoltage 
by 
M. VOLMER and T. ERDEY-GRUZ 
(With 3 figures in text.) 


(Received 31.07.1930) 


Zeitschrift fiir Physikalische Chemie, Vol. 150A, No. 1, 1930, page 203-213. 


Abstract 


Considerations about the cause of the overvoltage. — Kinetic Theory of 
electrolytic hydrogen evolution and explanation of TAFEL’s equation. — The 
decay of the overvoltage. 


1 Introduction 


As is well known, in order to generate hydrogen on a metal electrode, one may 
need a much more negative one electrode potential than it corresponds to the 
reversible hydrogen electrode. The overvoltage, i.e. the difference between the 
potential that is actually present during hydrogen development and the reversible 
electrode potential depends on many factors. This circumstance is also the reason 
that the experimental studies on the overvoltage gave quite complicated and often 
contradictory results. 
TAFEL (|6]) has stated the most important rule of more general significance based 
on his investigations. According to this rule, the overvoltage (7) increases at some 
distance from the equilibrium potential proportional to the logarithm of the current 
density (J): 

n=a—b-log(J), (1) 
where a and b are values independent of J.! TAFEL deduced this empirical equation 
also theoretically, but the calculated value of the constant b (= 2.3- a = 0.029) 
doesn’t agree with the experimentally determined one (b ~ 0.116). TAFEL’s 
equation was examined by a lot of researchers and verified qualitatively, but despite 
numerous attempts ([5], [2], [1], where there is also a critical compilation of previous 
work in this regard.) a satisfactory theoretical justification of this equation was 
not successful. 


!We adopt the sign convention that is common in electrochemistry, although the meaning of the 
later formulas becomes less obvious as a result. 
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2 About the cause of the overvoltage 


The cause of the overvoltage is undoubtedly that the hydrogen transported by the 
current in ionic form cannot easily convert into gaseous hydrogen for some reason, 
but remains on the electrode in some form, thereby increasing the electrode-solution 
potential jump. The accumulation of hydrogen on the electrode can happen in two 
ways: 


1. The hydrogen ions are discharged on the electrode without any resistance, but 
the combination of the atoms to form hydrogen molecules occurs so slowly 
that the concentration of free hydrogen atoms (or high-energy hydrides) on 
the electrode surface is greatly increased compared to their concentration 
at the reversible potential of hydrogen at atmospheric pressure. The resul- 
ting increased electrolytic dissolution of the hydrogen electrode causes the 
overvoltage. 


2. The second possibility, which has not been pursued further so far, is that the 
ions deposited on the electrode surface by the current are not immediately 
discharged, but instead simply enter into the double layer. Since the double 
layer behaves practically like a capacitor, the newly adsorbed ions increase 
the potential difference between the two occupations of the Helmholtz double 
layer capacitor, i.e. the potential jump of the electrode-solution increases 
compared to the reversible value. Hence an overvoltage occurs. 


A decision between these two options can be made by measuring the dependence 
of the polarization voltage on the amount of electricity that has flowed. If one 
stays in an area in which there is no noticeable loss of hydrogen, the amount of 
electricity is a measure of the amount of hydrogen transferred to the electrode. 
If the polarization is caused by atomic hydrogen, then according to the NERNST 
equation the potential must grow logarithmically with the surface concentration 
(area density) of the hydrogen atoms on the electrode (cj): 


AT 
n = const. — Fz Incr. (2) 


If, on the other hand, practically no hydrogen atoms are discharged when the 
overvoltage emerges, but only the charge of the double-layer capacitor is increased, 
the polarization voltage changes linearly with the amount of electricity that flows: 


n = const. -kFA(cy—c_), (3) 


where c, and c_ are the appropriate ionic surface concentrations in the double 
layer. The experiments clearly support the correctness of the second view. 

BOWDEN and RIDEAL ([3]) as well as BAARS ({1]) have found that with a constant 
current density, the polarization voltage initially increases proportionally over time 
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Figure 1: Ag-electrode in norm. H2SQOu,. 
abscissa: 1cm = 0.008 s, 
ordinate: 1cm = 0.028 V 


after power connection and later approaches a constant final value. 


The oscillograms of BRANDES ([4]), as well as our own investigations” carried 
out together with Mr. G. G. KROMREY show the same linear relationship between 
electrode potential and time. In these investigations, the electrode was treated 
with commutated direct current (with a break in current after each current surge) 
and the change in potential of the electrode was recorded oscillographically using a 
tube device. Some of these recordings are reproduced in Figure 1, Figure 2 and 
Figure 3. We see that the cathodic current surge results in a linear increase in 
potential, i.e. the electrode behaves like a capacitor. 


Since time is a measure of the amount of hydrogen ions discharged or capacitively 
bound at the cathode at a constant current density, the above finding states 
that the polarization voltage increases linearly and not logarithmically with the 
surface concentration. To explain this fact, BOWDEN and RIDEAL, as well as 
BAARS assume that the overvoltage is caused by discharged hydrogen atoms, and 
in this case the NERNST theory does not apply, but instead the electrode potential 
increases linearly with the surface concentration of the neutral active hydrogen 


?The detailed description of the experimental setup and the results will be provided elsewhere. 
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Figure 2: Cu-electrode in norm. H25Qu,. 
abscissa: 1cm = 0.0068, ordinate: 1 cm = 0.100 V 


Figure 3: Amalgamated Pt electrode in norm. H2SQg,. 
abscissa: 1cm = 0.0078, ordinate: 1 cm = 0.080 V 
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atoms. 

However, this assumption must be rejected for thermodynamic reasons. Rather, 
it can be concluded with certainty from the linearity of the increase that it is 
not neutral but charged particles that are involved in the deposition, in the sense 
of Equation 3. Herein 77 is the capacity of the double layer capacitor, and this 
capacity is expected to be noticeably independent of the nature of the electrode. 
This is in agreement with the experimental findings of BAARS and especially of 
BOWDEN and RIDEAL, according to which k has the same value for the various 
metals examined (Hg, Ag, Pt), if one takes into account the true accessible (and 
not the apparent) surface. According to BOWDEN and RIDEAL, in order to increase 
the electrode potential by 0.10 V, one needs 6 x 10-7 Ccm~?, independent of the 
electrode and the concentration of the acid. This calculates the capacity of the 
double layer as 6 pF. 

The second option is therefore favoured in view of the experiment in the sense 
of the above statements. The task now arises of theoretically justifying TAFEL’s 
equation on this basis. 


3 About the mechanism of the electrolytic Hydrogen 
evolution 


The previous derivation, based on assumption 1 and leading to an inconsistent 
result, was the following: 
The current transports hydrogen ions from the solution into the double layer which 
are neutralized at high speed by electrons © that jump over from the electrode to 
the ions: 

H*++0=H 
The neutral hydrogen atoms combine to form molecules: 

2H = Ho 


According to TAFEL, the rate of this reaction determines the rate of hydrogen 
evolution. In the stationary state, the current density J is now a measure of the 
hydrogen ions discharged in the unit of time: 


J dcy 
On the other hand 
e=c4= as ine 


where € is the electrode potential, €) is the standard hydrogen potential. These 
equations give for a constant concentration c; of the solution 


R 
€ = const. — aa 
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Since permanent hydrogen deposition is not possible below the reversible hydrogen 
potential (€,), € cannot be more positive than ¢,. In general, at passage of current, 
the former will be more negative by the amount of the overvoltage (7): 


€e=e+7. 


If €, is combined with the constant, then, according to TAFEL, the following 
relationship results for the overvoltage at constant electrolyte concentration?: 


ak 
n= const. ~ Zn J or =a-—U'InJ. (o}) 


Therefore it follows that 
dn GE 

= ony 8 ge (6) 
(at room temperature), while experimentally 0.11 to 0.12 was found, a very high 
value, not compatible with theory. 
The previously discussed increase in polarization voltage has shown that neutral 
hydrogen atoms can only be present on the electrode to a very small extent. It 
is therefore quite likely that the formation of molecules from two neutral atoms 
occurs very rarely and that another reaction path predominates. 
One could perhaps think of the fact that the dipoles consisting of the hydrogen ions 
on the side of the solution and the corresponding electrons on the metal side of the 
double layer combine directly to form neutral hydrogen molecules. However, this 
reaction path is not possible in practice because the dipoles in question repel each 
other so much, so that the probability of combination is far too small to guarantee 
a finite reaction speed. 
The next possibility would be that an occasionally formed hydrogen atom forms a 
molecular ion with a hydrogen ion in the double layer, which then neutralizes to 
form a molecule: 


1. Ht+0=H, 
2. H+H*+ =H}, 
3. H, +0 = Hg. 


We now want to assume that the slowest process, i.e. the one that determines the 
reaction speed, is process 1, the transfer of an electron to the hydrogen ion. If 
U is the activation energy required for an electron to jump from the metal to a 
hydrogen ion in the double layer and if there is no potential difference between the 
metal and the solution (i.e. at ”absolute zero potential”), then is the number of 
hydrogen ions neutralized per second 


Lo= kota CRT , (7) 


3This assumes that one is so far away from ¢, that the process can be practically described as 
unilaterally, which will be correct enough for 7 > 0.03 V. 
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Figure 4: Double layer metal-solution 


where ki, is a constant and c,; is the surface concentration of the hydrogen ions in 
the double layer. 

If there is a potential difference & between the electrode and the solution in the 
sense that the solution is positively charged relative to the electrode, the transfer of 
an electron from the metal to an ion in the double layer is favored by the electrical 
field resulting from the neighboring ions (see Figure 4). The transfer energy is 
reduced by an amount a& F, where a is an initially unspecified quantity (a < 1). 
In this case, the number of neutralizations occurring every second is 


U+a & F at F 


Zp hen ear = hocere Sr « (8) 


(According to the usual sign convention of electrode potentials, according to which 
the sign of & indicates the kind of charge of the electrode, & is negative in this 
case, hence U+aé ¥ <U. 

The inverse process, namely the transfer of an electron from a neutral hydrogen 
atom to the metal, must be influenced by the potential of the double layer in 
exactly the opposite way, so that the number of ionizations per second results in 


_W-a&éF aE 
Zy=kycy-e) 2T =kgcq- et 87 , (9) 


analogous to the previous one. At the equilibrium potential (€,) Zz = Zy holds. 
With this the concentration of hydrogen atoms on the surface of the electrode 
calculates as 


2a€ 


Cy =kycy er (10) 


On the other side cy is calculated according to the NERNST equation as 
cH = ksc - ear : (11) 


i.e. that ere re 
kacy-€” @T =k, &T . (12) 


c, depends, on the one hand, on the concentration c; of the hydrogen ions in the 
solution and, on the other hand, on the electrode potential. The double layer 
contains both anions and cations, i.e. a certain amount of acid, which is, to a first 
approximation, proportional to the acid concentration of the solution. There is 
also an excess of positive or negative ions corresponding to the electrode potential. 
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If the acid concentration of the solution is constant, this excess changes with the 
electrode potential. According to what was said at the beginning, this change is 
linear with the potential, in such a way that to increase the electrode potential by 
0.10 V, the deposition of the !/3000 part of a monoatomic hydrogen layer is necessary. 
Since the overvoltage measurements are carried out in relatively concentrated 
(1 to 0.1molL~') solutions for experimental reasons, the total concentration of 
hydrogen ions in the double layer changes in the cases accessible for the experiment 
certainly much slower than linear with the potential. So under the conditions that 
we consider, c, in addition to the exponential factor, can, to a first approximation, 
be considered to be independent of &. 

Under these conditions it follows from Equation 12: 


a=0,5. 


Since we have assumed that the neutralization process is the rate determining step, 
the current density during electrolysis is determined by the difference between 
the rate of neutralization of the hydrogen ions and the ionization of the hydrogen 
atoms on the surface of the electrode: 
oh e ” 
ge — Recy eo aT = kscy-et ST | (13) 
At the reversible hydrogen potential &,., the current density is zero: 

J abr F 4 abr F 
@ — hese aT —kscy-e" 2T =(. (14) 


At an overvoltage 7(< 0) the current density is therefore: 


_ (Er +n) F alEr +n) F 
Tea Foca. 4€ T —F#k3cy-et &T 
_ an F an F 
=kgcy-e 47 —kycq- eT . (15) 


At some distance ~0.03 V from the reversible potential, the second term with the 
effectively negative exponent is practically negligible next to the first: 


I= hee cs ear . (16) 


This results in the dependence of the overvoltage on the current density at a 
constant hydrogen ion concentration of the solution with a = 5 as: 


KT 22#T 
n = const. — ae In J = const. — er a In J (17) 
oan d LRT 
1) 
b = ——— = 2.3.— =0.116 
dlog(J) F 


4 ~ _ 2-8.314 463 C V mol7* K~1-293.15 K 
0.116 = In(10) 96 485.332 C mol—! 
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electrode b researcher 

silver 0.117 

mercury 0.120 BOWDEN and RIDEAL. 
nickel 0.113 

gold 0.123 

silver 0.120 BAARS. 

copper 0.105 


mean value 0.116 


Table 1: Experimental values of 5 


(at room temperature). 
This value of b agrees very well with that found experimentally. The careful 
investigations of BOWDEN and RIDEAL ((3]), as well as from BAARS (([l]) have 
shown that the constant b, apart from platinum (see below) and lead (b = 0.20), 
which is not to be considered indifferent, has approximately the same value for the 
indifferent metals listed in Table 1. 

Not only the absolute value of b but also its temperature dependence agree 
with experience. In Table 2 the value of b calculated for different temperatures is 
compared to that of BOWDEN ([2]) found experimentally in mercury electrodes: 


d 24T 
fie Ofsana =. Dison: — 2, 3° FF 
dlog(J) F 


273 0.108 0.107 
309 0.123 0.122 
345 0.141 0.136 


Table 2: Comparison of experimental and theoretical determined values of 6 in the 
case of a mercury electrode 


Platinum behaves differently from other metals. When platinum is annealed and 
therefore activated, b is noticeably smaller, namely ~ 0.08. This can probably be 
explained as follows: When the platinum is annealed, a thin oxide layer is formed, 
which is reduced during the cathodic treatment of the electrode. If the oxide layer 
was only very thin, the true accessible surface is not significantly increased, but 
the nature of it is changed. Niche-like active sites of atomic dimensions are formed 
where the hydrogen ions of the double layer are surrounded by metal atoms on 
several sides (see Figure 5). 

At these active sites, which also correspond to the crystal growth sites, the ions 
are more or less neutralized by the electrons of the surrounding platinum, i.e. they 
form dipoles with the corresponding electrons of the metal with a very small dipole 
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Figure 5: Hydrogen ion in a Platine double layer 


moment, which behave like neutral atoms. The TAFEL consideration would apply 
to the speed of their combination into molecules, which gave the value b = 0.029. 
The value found (~ 0.08) lies between this and the one we calculated (b = 0.116). 
From this we can assume that with active platinum, molecule formation occurs 
side by side on both paths at a commensurable speed. 

Theoretically, nothing can be predicted from the above about the absolute value of 
the overvoltage of different metals at the same current density. In our opinion, it is 
determined by the additive constant of Equation 17, which, among other things, 
contains the individual transfer work U of the electrons from the metals to the ions 
of the double layer. 


4 The decay of the overvoltage 


If the current is interrupted during hydrogen electrolysis, the overvoltage drops. 
That portion of the hydrogen ions in the double layer that corresponds to the 
overvoltage is gradually consumed to form hydrogen molecules. The rate of 
decrease in the hydrogen ion concentration of the double layer, i.e. the number of 
neutralizations that take place per second, determines the decay of the overvoltage. 
Hence d d 

=. = on = kecy -e 
if we again consider c, to be constant next to the exponential expression to a first 
approximation. Based on Equation 3 we can also write: 


F 


T = figve Pe, (18) 


a 


n 
R 


SS SS SS SS eS kyo : e buA(er—e_) : (19) 


This equation agrees with the empirically established equation of BOWDEN and 
RIDEAL (([3]), as well as the one from BAARS ({1]) based on their investigations. 
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Based on the available experimental material, it was shown that during the forma- 
tion of the overvoltage, as long as no hydrogen evolution takes place, the hydrogen 
ions transported to the electrode by the current are not discharged in noticeable 
quantities, but are simply incorporated into the double layer. Based on this 
knowledge, a theory of overvoltage was developed, which describes the absolute 
value of the constant b = men = 0.116 of TAFEL’s equation, its temperature 
dependence and reproduces correctly the decay of the overvoltage after interrupting 
the electrolysis. 


Berlin-Charlottenburg, Institute for physical Chemistry of the Technical University 
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